This overview covers the basic microbial ecology of recirculating hydropenic solutions. Examples from NASA and Soviet CELSS tests and the commercial hydroponic industry will be used. The sources of microorganisms in nutrient solutions include air, water, seeds, plant containers and plumbing, biological vectors, and personnel. Microbial fates include growth, death, and emigration. Important microbial habitats within nutrient delivery syastems are root surfaces, hardware surfaces (biofilms), and solution suspension. Numbers of bacteria on root surfaces usually exceed those from the other habitats by several orders of magnitude. Gram negative bacteria dominate the microflora with fungal counts usually much lower. Trends typically show a decrease in counts with increasing time unless stressed plants increase root exudates. Important microbial activities include carbon mineralization and nitrogen transformations. Important detrimental interactions include compedton withplants, and human and plant pathogeaesis. ronment selects" IlL For much of the recirculating solution ecosystem, the parameter levels set for crop production also support microbial growth and production. The title of this COSPAR symposium suggests the need to control the microflora that inhabit recirculatiag systems. Ideally, all crop roots are in immediate contact with the recirculating nutrient solution, but this means that potential problems, including plant root pathogens, will be dispersed rapidly. As an example, in the cultivation of crops in the Biomass Production Chamber (BPC) at the Kennedy Space Center CELSS Breadboard Facility, each 4 m 2 of growing area is serviced by 200 L of nutrient solution at a 16 L rain "1 flow rate/21. Upon occurrence, a microbial problem could take about 12.5 minutes to contaminate the entire system, with homogeneous, even dispersal. However, only a small fraction of the microbial species present in recirculating systems would be able to cause phytopathogenlc problems. To control unseloctively the non-pathogenic microorganisms along with the plant pathogens would likely cause a con-JASR 14:ll-X (11)357 https://ntrs.nasa.gov/search.
INTRODUCTION
The primary goal of man3," intensive crop production systems has been to harvest maximal crop yields with minimal costs in time, volume, nmss, ener_', manpower, and money. Commercial hydroponics ventures and space-related crop production systems-both NASA and former Soviet programs in Controlled Ecological Life Support Systems (CELSS)-accomplish this goal by growing crops in controlled greenhouse or chamber environments to eliminate as many limiting factors as possible. Parameters such as light intensity, light quality, day length, carbon dioxide concentration, temperature, relative humidity, and inorganic nutrient concentrations are set at levels known to pro_Ade high crop productivity.
To ensure that inorganic nutrients are provided continually to these rapidly growing crops, recirculating nutrient delivery systems are commonly employed. The solution may flOW through various inert, and not so inert, solid media (rock wool, lnnar regolith, arciltite, sand, gravel, etc.) or without media in thin nutrient film technique (NFT) or deeper solution culture. As with nearly all plant production ecosystems, either natural or agricultural, reeirculaling solution systems are inhabited by a distinct, indigenous microflora. As aptly put by Alexander I11, "the environment selects", and the microflora that are sustained are.a result of the unique combination of biotic and abiotic environmental parameters that chara_erize recirculating crop growth systems.
The environmental parameters in reeirculating systems are all set to optimize crop production and minimize stress on the plants 1141.
In auempts to keep these parameters within optimal production ranges, tight control measures are often employed to minimize flucuations.
The recirculating system microflora are, of course, also exposed to this narrowly defined environment and, "the envi-(11)358 R.F. Strayer comitant decrease in the role or function of the non-pathogens. The other two invited papers for this symposium focus on the planl pathogens/3/and on the control of microbes 141 in recirculadng systems. This paper will focus on the microbial ecology of the tmnph)lopathogenic microftora. Admittedly, some of these also cause problems (e.g., conversion of nitrogen into forms not utilized by the plants), but most are either beneficial to plants or, at least, do not cause significant reductions in crop yields.
Unfortunately, the microbiological literature on recirculating systems is sparse, with relatively few reports of microbial activity from the commercial hydroponics industry and NASA and former Soviet CELSS. Therefore, the voluminous literature on similar habitats--soil, rhizosphere, and microbial biofilms--will be used where needed to support principles of microbial ecology that I believe are important in recirculating systems. In addition, research needs for recirculating systems will be identified as the paper progresses.
SOURCES OF MICROBIAL INOCULA
A brief presentation of the major inputs of microorganisms to recirculating sy'stems is useful. However, the microbial composition of each source reflects the environmental selective pressures of that source, and does not indicate which microbes will succeed in the new environment. Often, little attempt is made to control these microbial sources because of the uncertainty that such measures have any effect on crop yields and because, in large scale production systems, treating each source becomes impractical. Also, at least at Kennedy Space Center, the working pathogen control philosophy is to treat problems as the3" occur. The reason for this is simple:
the range of possible pathogens is large and the need to control microbial sources has not been demonstrated. Some obvious potential plant pathogen sources, such as seed surfaces, were treated initially, but subsequent crop production studies even eliminated this basic measure without any obvious decrease in yields.
Water
Most CELSS crop producing systems now use de-ionized (DD water sources but the ultimate CELSS goal is to use recycled (e.g-, dehumidifier condensate) water. Most commercial recirculating systems seem to use the least expensive source available, usual b" municipal or well water. These sources all contain microorganisms, but concentrations and species composition vary. Nutrient concentradons are very low in all of these water sources and, thus, the dominant microbes are ones that do best under these conditions. In other studies, the KSC scientists have also grown high densities of fish (tilapia) in both wheat and lettuce hydroponic solutions/10/. In all three of these examples, the solutions contained, or will contain, high levels of both microorganisms and easib' degraded organic compounds. The crop leachate solution is probably of most concern to plant pathologists because it is derived from plant material and no doubt contains plant-associated microbes. Hov`ever, this nutrient regeneration route has proven very promisIng because it easily returns ma.m important elements back to the plants.
Air
Air is a good dispersal agent for microorganisms, but few, if any, actually grow and proliferate them. Morphological survival forms, e.g., fungal and bacterial spores, seem to dominate over vegetative forms, probably because they tolerate desiccation betler. To provide a significant microbial inoculum to recirculating nutrient solutions, large volumes of air must contact the solution. Some 
Plant Materials
The most obvious sources of indigenous plant-associated microorganisms, either pathogenic or not, are plant materials. These materials can be categorized into seeds, living plants, and plant debris.
Plant propagules.
Microorganisms can be found on the external surfaces ofvimtally all (untreated) seeds. Microscopic examination reveals individual cells and small aggregates on smoother areas of seed coats as t,ell as within grooves and convolutions in the seed coat. Seed coats are often not tightly attached to the seed proper, and microbes can often be found underneath the coat. Incubation of wnter-soaked seeds for several days in a moisture chamber results in a virtual explosion of fungal growth and, with time, fungal fruiting structures.
Most are "field fungi" such as dspergillus, Penicillium, Mucor or Rhizopus, and dlternaria/6.11/.
Surface sterilization of seeds is often used to control this problem, but microorganisms have also been found in the interior of many crop seeds/12/.
To eliminate these microbes would require longer sterilization e:q_osure times, higher concentrations or harsher chemicals.
Most of these antimicrobial treatments can also kill the seed embryo. Plant debris. Plants in any recirculating system should not be intentionally exposed to plant debris. However, leaf litter may not be noticed and enter nutrient solutions, and incomplete cleaning techniques may leave broken root sections in delivery system hardaare. This debris will readily provide a source of plant-associated microorganisms.
Delivery System Hardtare
Newly manufactured delivery system hardware should be almost sterile. But after being used only once to grow crops in a recirculating solution, the werted surfaces will be heavily colonized by a microbial biofilm. Biofilms are a major microbial habitat in recirculating systems and will be covered in more detail later. Prior to reuse, hardware is usually given a general cleaning, often by disinfecting agents such as hypechlorite or acid solutions.
Cre'_/Personnel
Crct" contact with solutions, plants, equipment, instruments, and delivery systems hardtare can contribute microbial inocula. The major concern to plant pathology would be human vectors, especially if they came directly from contaminated plant gros_ chambers or greenhouses without disinfection. Clothing, including shoes, can carry plant debris and soil from outside the plant growth area and thus contribute microbial inocula. Preventive measures are sometimes employed and include h.vpechlorite step baths, and disposable covers over hair, shoes, hands, and clothing. The indigenous human epidermal and mucosal microflora are another inooulum source and are fairly well known, but their impact on the nutrient solution microbial community is not well defined.
MICROBIAL HABITATS
Three distinct microbiological habitats exist within a recircolating system: the solution, root surfaces, and hardware surfaces. The microflora of the nutrient solution habitat are suspended in wnter, either as free-living cells or attached to suspended particulates.
The root surface (termed rhizoplane) habitat includes attached microorganisms, whether tightly bound, imbedded in mucigel, or easily dislodged. The microbes associated with the hardtare surface habitat(s) are attached in biofilms to these wetted, non-riving surfaces.
Although the nutrient solution is considered a separate habitat, it also acts to transport/disperse organic, inorganic, and microbic constituents to the other two habitats.
Hydroponic Solution
Habitat description. Solutions are well aerated to support root respiration, so aerobic microorganisms also have enough dissolved oxygen for normal respiratatory functions.
Not only is oxygen necessary for root and microbial respiration, but it also totally dominates the redox potential. Root solution temperatures are adequate for mesophilic microorganisms.
As with other non-thermoregulated organisms, microbial growth and metabolic rates are faster at higher temperatures within their upper tolerance limit.
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Solution pH tends to vary with the crop, but for wheal, soybeans and potatoes it is commonly kept near 6.0. Bacteria usually grow and metabolize faster at a pH nearer neutrality and fungi usually do better at a lower pH. Nevertheless, a pH of 6 is well within tolerance range for either group. Related to pl-{, the solutions are not well buffered and bulk solution pH is controlled by addition of acid or base. In the absence of a strong buff'u, the pH at local microhabitats could be considerably different from the bulk pH.
Inorganic nutrients are also optimized for crop production. Nitrogen is usually supplied as nitrates or a combination of nitrates and ammonium.
Not surprisingly, microbes can use eith_ N source. Phosphate, sulfur (as sulfate), calcium, magnesium, and chelated iron are more than adequate for microbial needs. Potassium is in abundant supply and a macronutrient for plants and is essentially a micronutrient for microorganisms.
As the trace elemem content is designed for plants, some elements required by some members of the microbial community may be missing and some may be at limiting concentrations.
Along with the other environmental parameters just discussed, crop physiologists attempt to provide sufficient light and carbon dioxide supplies also to optimize crop growth. However. these energy and carbon sources are of little direct use to the predominantly heterotrophic microflora that inhabit the recirculating nutrient solution.
The paucity of preformed, utilizible organic carbon compounds is the prime factor responsible for limiting microbial grow and activity. The microorganisms suspended in solution are barely growing/19/with a median biomass turnover rate of 80 days. This is not unexpected as levels of utilizable carbon and energy sources (the factors limiting microbial growth in solutions) range between undetectable and very low. With biomass turnover so slow, the gradual decrease in microbial numbers with time probably retlects fates such as predation, differences in emigration/immigration (to/from root surfaces and biofilms) or even removal of suspended particulates (and attached microflora) by fibrous root mats (for wheat and so)beans, the root mat fills the containers by week six).
Microbial community taxonomic composition. Because roots of crops grown in recirculating systems are continually bathed with hydroponic solution, many characteristics of this habitat are similar to those of the solution.
However, the root is the primary source of all available carbon and energy entering a recirculating ecosystem.
Root exudation rates vary with crop species and age, etc., but a typical range is 20 to 60 mg g-I root dry Of these micrnsites, the growing tip is most active and thus, so are the bacteria closest to it. The further attached bacteria are from the tip, the more likely they are to undergo nutrient (carbon) limitation Most microbiological studies do not examine the root sinface at this scale, but. instead, take much larger samples of either the root mat or, even. the whole root, from tip to crown. samples include attached bacteria from the metabolic range of actively growing (probably a minor component of this sample) to those that axe nutrient limited, starved, scenescent, or even moribund. 
Habitat description.
The literature on microbial biofilms is extensive. The stages of biofilm development on a newly exposed surface (substratum) are well known 128/. The surface is prepared for colonization by adsorption of organics from solution to form a conditioning film. Bacteria in the solution attach (several stages included), grow on absorbed and solution organics, and multiply, even-tuaUy forming a noticeable accumulation of microbial cells and exopolymeric material.
The growth of a biofilm is similar to a microbial growth curve with stages of induction, logarithmic accumulation, and a plateau /29/. The plateau is a dynamic condition with attachment and detachment of cells, entrapment and release of other particulates, and cell growth, death, predation, etc. Any surface in contact with aqueous solutions will eventually form a biofilm. Because the biofilm cells are embedded in an exopolymeric matrix, diffusion limits the transport of nutrients to the coils and metabolic products away from the cells. Thick biofilms can even develop anaerobic zones due to these diffnsional limitations and microbial oxygen consumption through respiration.
Temporal and spatial abundance and distribution.
The limited data sets available indicate that wetted surfaces are colonized with bacteria, at densities ranging from 104 to 108 per square centimeter, depending on the location, i.e., high flow through narrow pipes to stagnant or slow flow areas/5,271.
Further generalizations concerning temporal and spatial differences, or differences between crops, will not be attempted here due to the limited data.
Populations
( 1 with sloughed root (cap) ceils. In addition, exogenous sources (graywater, crop residue leachate, aquaculture water) have at times been added with the intention of utilizing the metabolic capabilities of the system microflora to degrade the organic compounds contained in these solutions/7-10/.
The complex microbial community that develops in the various habitats of this ecosystem acts in concert to decompose nearly all of these compounds, although some of the more refractory ones may take a while. If microbial decomposition were limited or even eliminated, as could happen under some plant pathogen control strategies, many of these naturally occurring and/or added organics would accumulate.
As rates of root exudation axe generally low, this accumulation may be slow for the naturally occurring compounds.
Microbial metabolites. Several recent reviews by Lynch have covered metabolites produced by rhizosphere microorganisms/30-31/.
Many of these compounds may' also be produced in the root zone of plants gro_na in recirculating systems.
Compounds produced by isolates of root-associated microorganisms include plant growth regulators (ethylene, auxins, gibberellins, cylokinim, and abscisic acid), phytotoxic compounds (aliphatic acids, phenolic acids), siderophores (iron chelators), antibiotics, and various enzymes. In situ production of many of these compounds has been difficult to demonstrate as they can be active at nearly undetectable concentrations.
Nitrogen Cycle Transformations
Nitrogen fixation, N mineralization (ammonification), and N immobilization. Microorganisms perform key niuogen transformstions in most plant ecosystems. However, the nitrogen cycle in a recirculating system is somewhat truncated, because the nutrient solution is optimized to supply the form of nitrogen needed by the crop, irrespective of the metabolism of the microflora. Because The stresses of the physical, chemical, and biological components of the environment of recirculating systems have selected a microbial community that is a best fit for this unique set of parameters.
The metabolic diversity of the inocula have eusured that most, if not all, niches are filled, although some functions are more efl]ciendy accomplished than others. The community is exposed to modest and usually gradual fluctuations in these stresses, but remains largely unchanged, adjusting to all but the most extreme conditions. This homeostasis, or maintenance of community stability and integrity in a variable environment, is probably a reflection of species diversity and complexity/IL More diverse communities are more stable than those with less biological complexity.
Most aliens (phytopathogen" biocontrol agent, and, even other saprobes) fail to survive after introduction into such an already established microbial community IlL The indigenous microflora reflect the environment, selection tends to preserve the status quo, and the invader is generally less fit than the microbes that have survived the prior selective pressures.
Survival of an alien occassionally occurs and is probably due to either an unfilled niche or one that has been inefficiently filled (and the alien fills it better).
Community Stability and Phytopathogen
Control.
Non-specific strategies for controlling plant pathogens will also cause alterations to the overall stability of the microbial community.
If the control method causes permanent modifications to the rocitculating environment, then appreciable establishment of a foreign ph)lopathogenic species could result. Often the response of the native community is a loss in species diversity, unfilled niches, or an inefficient filling of niches because the indigenous inhabitants are now less fit. Aliens entering the system may be better able to fill these niches.
If the control method is temporary, then the microbial community, through homeostasis, should eventually return to pre-control levels. However, during and intmediately following the treatment, the microbial conununity could be more susceptible to survival of aliens.
If the phytopathogen control strategy were to non-specifically treat the inoculum sources, effectively removing nearly all microbes, then the overall diversity of the native microbial community in reeirculating systems could also be diminished. Once again, as the diversity is simplified niches become unfilled or inefficently filled, and the survival of aliens could be inc_ Nelson has suggested that a constructed microbial community might be an answer to pathogen control/34/. However, such a constructed community would probably be too simple, because far too few species would be used. Considerable research would be needed to find the right mixture of isolates that could control all of the possible root pathogens that might be encountered. Furthermore, the presence of this community throughtout the life cycle of the crop would have to be established. The likelihood, again, is that unfilled or inefficiendy filled niches will provide saprophytic ph)lopathogens/aliens with a chance to survive.
So, what can be done to control plant pathogens without anN'ersely affecting the indigenous microbial community of recirculaling systems? One possibility is to use very diverse, complex inoculated microbial communitie_ from crops grown successfully in the presence of (various) phytopathogen(s). For example, roots and soil from disease suppressive soils could be used as inooda 135/.
These native microfiora have already adapted to the pathogen and help to control it. The exact control mechanism(s) are not always known, but why not let nature select the biocontrol agents?
A second possibility would be to develop, from an indigenous community, one that would naturally control the pathogen. This could entail continuous exposure of the community to attenuated phytopathogens (preferred) or to pathogen levels below critical threshhold numbers needed to elicit a disease. This approach is analogous to inoculating humans with attenuated pathogens to develop an inununity to the disease. Precautions would be needed to ensure that the indigenous community has adapted to this changed
Dynamics of Microorganism
Populations ( 11)365 environment and that disease pre_,ention occurs over a variety of circumstances. Continual expomm of the community to the pathogen (hopefully attenuated) would be necessary to ensure that the community does nnt de-adai_.
